An X-linked regulatory mutation in Drosophila melanogaster which gives rise to constitutive expression of the G 6 PD gene appears to have resulted from insertion of a novel class of transposable genetic elements into the vicinity of the G 6 PD locus. Flies carrying this element exhibit a very high level of G 6 PD activity, and linkage of this element to the X chromosome is stable as long as the mutants are inbred. However, loss of the high-G 6 PD activity trait, probably due to excision of the inserted element, often occurs when the mutant males are mated with females of other strains showing a normal level of G 6 PD activity (hence lacking in the element), but not in the reciprocal crosses. This suggests that the cytoplasm of the mutant might possess some factors which stabilize the regulatory element, and that the element itself might be responsible for the production of this stabilizing factor.
INTRODUCTION
An X-linked mutation that gives rise to constitutive expression of the G 6 PD gene was recently found in the progeny of a strain which formerly had a high-G 6 PD activity factor unlinked to any of the X, second and third chromosomes (Tanda and Honi 1983a) . The X-linkage of this factor was demonstrated by cross experiments and by extraction of the X chromosome with the Muller-5 strain; the Muller-5 females were mated with the mutant males and the female progeny were backcrossed to their fathers. In making these crosses it was unexpectedly found that the high-G 6 PD activity trait often became unstable; the enzyme activity level was as high in all the isogenic strains thus established as in the original mutant strain at the time of establishment, but became progressively lower during the succeeding generations in some of the strains (Tanda and Honi 1983a) . Reasoning that such attenuation of the phenotype might be due to excision of the regulatory factor from the X chromosome, we again performed extraction of the X chromosome from low-and high-activity males of the isogenic strains which came to show intermediate levels of G 6 PD activity on the average. The results showed that the progeny of low-activity males were low and that of high-activity males were high in enzyme activity without exception, thus suggesting that the sampled males were hemizygous for either an X chromosome with or without the functional regulatory factor. It is thus likely that the cause of the phenotype attenuation might be loss of the regulatory factor from the X chromosome. Inference is also possible that such a loss may be a consequence of the cross between the mutant males and Muller-5 females. Our preliminary data also showed that when the X chromosome was extracted from the mutant females using Muller-5 males, the resulting isogenic progeny were stable and did not exhibit any sign of enzyme-activity decrease over several generations.
This implies a contribution of the Muller-5 cytoplasm to the loss of the regulatory factor, the phenomenon being thus analogous to hybrid dysgenesis.
Hybrid dysgenesis in Drosophila melanogaster has been defined as "a syndrome of correlated genetic traits that is spontaneously induced in hybrids between certain mutually interacting strains, usually in one direction only" (Bregliano et a1.1980; Bregliano and Kidwell 1983; Engels 1983; . Two independent systems of interacting strains have been identified, I -R and P -M. In the I-R system, females produced by crosses between reactive (R) females and inducer (I) males are sterile, though the male hybrids are normal. In the P -M system, crosses between females of M strains and males of P strains yield female and male hybrids of dysgenic traits. In most cases, the P strains are those recently derived from natural populations, and the M strains are laboratory stocks maintained for more than 10 years. Dysgenic traits include high frequencies of sterility, male recombination, mutation, chromosomal rearrangement and non-disjunction, and transmission ratio distortion. Recent studies at molecular levels have demonstrated that dysgenesis is due to activation of transposable elements present in the genome of I and P strains; the P factor which characterizes the P strain is a 2.9 Kb sequence with terminal inverted repeats of 31 by and several P -M induced mutations at the white locus were mostly due to insertions of deletion derivatives of the complete P factor Rubin et al. 1982) . On the other hand, Bucheton et al. (1984) analyzed two mutations induced by the I-R system at the white locus and found that the I factor is a 5.4 Kb sequence having no sequence homology with the P factor. Inducer strains contain both active and inactive I factors, while reactive strains contain inactive ones. The transposition of I and P factors appears to be suppressed by regulatory molecules which are present only in the cytoplasm of I and P strains, respectively.
Hence, introduction of chromosomes carrying the I or P factors into the cytoplasm of the R or M strain which lacks the regulator induces transposition and results in mutations. This model explains why hybrid dysgenesis occurs in one direction only (O'Hare and Rubin 1983) . Suppose that the regulatory factor for GGPD is a transposable element and that its insertion into the vicinity of the G 6 PD locus is the cause of the high-G 6 PD activity mutation we found, then the finding that its loss occurs only in the progeny of the cross between the Muller-5 females (M strain) and the mutant males, but not of the reciprocal cross suggest that the mutant strain might possibly be P in the P -M system.
The purpose of the present study is to scrutinize effects of cytoplasm (cytotype) on the loss of the G 6 PD regulatory factor from the X chromosome and to gain insight into the mechanism of transposition of this factor.
MATERIALS AND METHODS

Drosophila stocks
2512H and 2512L: A strain of Drosophila melanogaster designated B 49 which was homozygous for an X chromosome sampled from a natural population was subjected to artificial selection for high-G 6 PD activity, and a highactivity line (B 49 H) was established (Honi and Tanda 1981) . From this strain was constructed a strain which was coisogenic for the X and a third (no. 12) chromosomes with a second chromosome (no. 25) kept balanced to the Cy chromosome using the multi-balanced-inversion-lethal system, SM1/Pm; TM3/ Pr whose X chromosome had been substituted by the B49H X chromosome. This strain was then subjected to directional selection for G6PD activity, and a high (251211) and a low (2512 L) strains were established. After several generations of seletion, the high-G 6 PD activity trait of the 251211 strain became X-linked (Tanda and Honi 1983a, b) .
Muller-5: An X chromosome balancer stock, In(1) scs'L sC8R+S, scSi sc8 w" B (mutations and balancer chromosomes are described by Linsley and Grell 1968) . This is classified as M in the P -M system (Kidwell 1977 (Kidwell ,1979 Bingham et al. 1982) . Canton S: A standard wild-type laboratory strain classified as M in the P-M system Kidwell 1979) .
Harwich: A strong P strain collected by M. L. Tracy in Harwich, Massachusetts in 1967 (Kidwell and Kidwell 1975; Kidwell 1979; Kidwell and Novy 1979; ). The stock was obtained through Dr. S. I. Chigusa, Ochanomizu University, Tokyo.
cn bw: An M strain carrying two visible markers on the second chromosome, cinnabar (2-57.5) and brown (2-104.5).
M-H: A strain carrying the Muller-5 X chromosome and the Harwich autosomes. This was constructed by repeated crossings of Muller-5 females and Harwich males as shown in Fig. 1 . After nine times of backcrossing, the strain became P in the P -M system. Changes in the cytotype during tho course of backcrossing are illustrated in Fig. 2 , Extraction of the X chromosome from strain 2512H
The X chromosome was extracted from strain 251211 by five different ways as illustrated in Fig. 3 . The F2 progeny from the reciprocal crosses of 251211 and 2512L were classified into two classes based on their G6PD activity levels, and the high-activity flies were regarded as homo-and hemizygous for the 251211 X chromosome (Table 1) . Twenty isogenic strains from each cross were established, and G 6 PD activity was assayed individually with 16 males each from a total of 100 strains at generations 1, 5 and 10. Flies were raised at 23°C on a standard cornmeal-sugar-yeast-agar medium.
Gonadal dysgenesis (GD) sterility test
Crosses were made between females of test strains and Harwich males and between Canton S females and males of test strains. The female progeny were raised at 29°C for seven days after eclosion and their ovaries were examined by dissection in 70% ethanol (Schaefer et al. 1979) . The percentage of dysgenic ovaries [% of bilateral atrophic ovaries + 1/2 (% of unilateral atrophic ovaries) ] was used as an indicator of GD sterility. 
Male recombination (MR) test
One male of a test strain was mated to cn bw females, and the F1 males were backcrossed to a harem of virgin en bw females. All FZ progeny were scored for the occurrence of spontaneous second chromosome male recombination at the region between the en and bw loci (woodruff and Thompson 1977; Bencze and Slatko 1984; Eggleston 1984 ).
G6PD and protein assays G 6 PD activity was assayed with single head and thorax portions of ten days old imagoes according to the method of Honi et al. (1982) . The enzyme activity was expressed as imol of NADP+ reduced per min per mg of protein.
Protein was assayed by the method of Lowry et al. (1951) .
3. RESULTS
Reciprocal crosses between the 2512H and Muller-5 strains
Males of the 2512H strain were mated with females of the Muller-5 strain and the F1 females were backcrossed to their fathers to establish strains isogenic for 2512H X chromosome. The G 6 PD activity in males of the 20 isogenic strains thus established was assayed at the time of establishment (G0, isogenic parents) and at generations 1, 5 and 10. The results are summarized in Table 2 . None of the parent showed a low level of G 6 PD activity (lower than 100 milliunits per mg protein), thus confirming the X-linkage of the high-G 6 PD activity trait in those flies. However, males of low-G 6 PD activity appeared in the G1 progeny of six strains, and the number of such low-activity males increased gradually in later generations. At G10,14 out of the 20 strains contained low-activity males.
On the other hand, isogenic strains obtained by the reciprocal cross, 251211 X Muller-5, produced no low-activity males at G1, indicating the stability of the high-activity trait in the cytoplasm of 2512H. At G10, however, there appeared a total of six low-activity males in four strains ( Table 2) .
The results obtained with these crosses clearly demonstrate that the Xlinked, high-G 6 PD activity trait becomes unstable when the X chromosome is once placed in the Muller-5 cytoplasm, though the effect of the cytoplasm is not necessarily recognized immediately.
Since this phenomenon bears a resemblance to hybrid dysgenesis, we next examined whether strain 251211 could be classified as P in the P-M system.
Characterization
of strain 2512H in the P -M system.
For this purpose GD sterility test was first performed with Canton S and Harwich strains as standard for M and P strains, respectively.
The results Table 2 . Number of low-activity males appeared at generations 1, 5 and 10 in the progeny from the crosses between 2512H and other strains.
are given in Table 3 . The cross between Muller-5 females and Harwich males produced 100% GD sterility in the F1 progeny, but the reciprocal cross as well as two other crosses (Canton S X Muller-5, and Muller-5 X Canton S) produced only a negligible degree of GD sterility or none at all. On the other hand, GD sterility did not result appreciably from the crosses between 251211 and Canton S or Harwich. Based on these findings, we concluded that strain 251211 is neither M nor F, and hence is Q in the P -M system. We also examined male recombination frequencies in the F1 progeny of the crosses between the en bw strain and Harwich, Canton S or 251211 strain. As shown in Table 4 , male recombination occurred in the cn-bw region of the second chromosome at a frequency of 1.18% when the en bw females were mated with Harwich males, but not so often in other crosses. This indicates that the en bw strain we used is indeed a strong M strain as reported by others, while strain 2512H is neither M nor F, thus supporting the above conclusion. Table   3 . GD sterility of hybrid females. It has been reported that Q strains in the P -M system carry some defective P elements (Engels and Preston 1981) , and that crosses between M females and Q males results some dysgenic traits, such as increased mutation rates and male recombination, though not GD sterility (Simmons et a1.1980; Engels and Preston 1981) . It is therefore possible that the defective P element may be present in strain 251211 and that its transposition may be induced when crossed with the Muller-5 strain, resulting in the loss of high-G 6 PD activity trait.
This possibility was tested by extracting the X chromosomes from 251211 males using the females of a special Muller-5 strain whose autosomes were substituted by those of the Harwich strain (M-H strain). The cytotype of the M-H strain was proved to be P as shown in Fig. 2 ; no GD sterility resulted from the cross between M-H females and Harwich males, while the F1 females were 100% sterile in the cross between Canton S females and M-H males. Thus, P-M hybrid dysgenesis should not occur by the cross of M-H females and P or Q strain males.
The G 6 PD activity in males of the 20 isogenic strains established from the cross, M-H X 251211, was monitored at G1, G5 and G10. As summarized in Table  2 , P-cytotype was effective as well as M-cytotype in inducing the loss of the high-activity factor, thus suggesting that the P -M system might not be involved in the loss of the high-G 6 PD activity trait observed in the cross of Muller-5 and 251211 strains.
4. Reciprocal crosses between strain 2512H and 2512L. Engels (1981) has stated that cytotype is self-reproducing in the cytoplasm of germline at least for two generations, but is not entirely autonomous, being ultimately determined by the chromosomes, and that the chromosomal components of cytotype determination are the P factors themselves in the P -M system (Engels 1979) . By analogy, it seems plausible that the cytotype which is responsible for the loss of the high-G 6 PD activity factor might be determined by the factor itself. To test this, reciprocal crosses were made between strains 251211 and 2512L. As described in Materials and Methods, these two strains share the same X, second and third chromosomes, but are different in the level of G 6 PD activity. This difference might probably be caused by insertion of a high-activity factor into the 2512H X chromosome. If the cytotype is determined by this factor alone, then the two strains would differ in the cytotype. If so, it is expected that the loss of high-activity trait would occur when 2512L females were crossed with 251211 males, but not in the reciprocal cross.
Among the F2 females from the reciprocal crosses of 251211 and 2512L, those exhibiting high-G 6 PD activity were picked up to singly mate with high-activity brothers (Table 1) , and the male progeny were assayed for G 6 PD activity at G1, G5 and G10 (Table 2) . Only one low-activity male was found among the progeny from the cross, 251211 x 2512L at G10i while the cross, 2512L x 251211, produced many low-activity male offspring. This supports our assumption that the cytotype might be mainly determined by the factor itself.
All these findings suggest that the cytoplasm of 251211 strain possesses some element which stabilizes the X-linked high-G 6 PD activity factor, or that of other strains contains some element which destabilizes the factor.
DISCUSSION
The results obtained in this study clearly demonstrated that the X-linked, high-G 6 PD factor present in strain 251211 is stable only within the cytoplasm of this strain, and becomes unstable in the cytoplasm of any other strains including strain 2512L which shares the same X, second and third chromosomes with strain 251211. The only genetic difference between these two strains would be the presence of the high-G 6PD factor in the X chromosomes of strain 251211. Therefore, it is highly probable that the high-G 6 PD factor itself might be involved in the determination of a cytoplasmic state which has influence on its own stability. This is analogous to the P -M hybrid dysgenesis, since the chromosomal components of cytotype determination are thought to be the P factors themselves (Engels 1979) . Thus, a model for cytotype determination in the P -M system put forward by O'Hare and Rubin (1983) may well be applicable to the system reported in this study; according to O'Hare and Rubin, the P element produces a regulator that suppresses the production of the P-encoded transposase, but accelerates its own production. It is also presumed that this regulator is present in the eggs, but not in the sperm. The M x P cross thus results in the introduction of chromosomal P elements into the cytoplasm lacking in the regulator.
This in turn promotes transposase production and eventually causes transposition of P elements.
Similarly, the high-G 6 PD factor might produce a transposase and a regulator, but the production of the transposase may be regulated by the regulator molecules accumulated in cytoplasm.
Hence, introduction of the X chromosome carrying the high-G 6 PD factor into the cytoplasm of low-activity strains which lacks in the regulator causes transposition of the factor. Since the X-linked, high-G 6 PD factor acts in cis and maps 0.02 units to the left of the G 6 PD locus (unpublished data), its transposition into anywhere else in the genome results in a low-G 6 PD activity. Loss of the high-G 6 PD activity trait found in the progeny of the crosses, Muller-5 x 2512H, M-H x 251211 and 2512L x 251211 may be well explained by this model.
However, the results obtained with the crosses, 251211 x Muller-5 and 251211 x 2512L require some comment. In these crosses, a small number of offspring showed a low level of G 6 PD activity at G10, notwithstanding that the 251211 X chromosome would not have been placed in the cytoplasm of low-G6PD activity strains. This may be understood if one assumes that the autosomes of strain 251211 are also carrying the high-G6PD factors as well as the X chromosome, though without effect on the activity of the G 6 PD gene, and contribute to cytotype determination, while the autosomes of low-G 6 PD activity strains do not, and that the concentration of the cytoplasmic regulator can not be maintained for a long period at a level enough to suppress the transposase production in the progeny of the crosses, 251211 X Muller-5 or 2512L, since three quarters of the autosomes have been replaced by those from low-activity strains lacking in the high-G 6 PD factor.
As stated above, the high-G 6 PD factor resembles P elements in that the mutations caused by them often revert to a wild phenotype when their carrier chromosomes are placed in the cytoplasm of interacting strains. However, they differ in that the reversion occurs in the F1 progeny in the P -M system, but two or more generations are required for the reversion to occur in the case of the high-G 6 PD factor. This may be due to the difference in efficiency of the regulator in suppressing the transposase production; the number of regulator molecules required for suppressing the transposase production might be greater in the P -M system than in the high-G 6 PD factor system.
That the high-G 6 PD activity mutation of strain 2512H is not a rare instance was recently demonstrated in our laboratory; we already have three other stocks of high-G 6 PD activity which have the high-activity factor linked to the X chromosome. In one of such stocks, 1FH, the factor has mapped 0.04 units to the left of the G 6 PD locus. These stocks were established as follows: females from natural populations were singly cultured in vials and the progeny of mothers showing high-G 6 PD activity were subjected to selection for high-G 6 PD activity.
After two or three generations, the X chromosomes were extracted from female offspring showing high-G 6 PD activity by mating with Muller-5 or FM7 males. The isogenic stocks thus established did not stably inherit the high-G 6 PD activity trait at the beginning, but the trait soon became stabilized during further selection for high-G 6 PD activity. Possibility exists that the founder females had the X-linked, high-G 6 PD activity factor. However, this does not seem probable from the following reasons: suppose that the females were homozygous for the X chromosome carrying the high-G 6 PD factor, then all the F1 males could have shown high-G 6 PD activity. This was not the case. Alternatively, the females might have been heterozygous for the factor-carrying X chromosome. In this case, one half of the F1 males could have shown a high-G 6 PD activity. This was again not the case. We presume therefore that the factor could exist in the nucleus in a state unlinked to any chromosomes as reported previously (Tanda and Honi 1983a, b) , and exert influence on the G 6 PD locus, and that such free factors might increase in number by self-replication in the course of selection.
Selection may possibly provide the factor with a condition favorable for insertion into chromosomes.
Our previous and present findings thus suggest a possibility that the high-G 6 PD activity factor may be a novel class of movable genetic elements.
